The Dahomey gap is a savanna region separating the West African rainforests to two regions. We set two sites in this woody savanna, at north and south regions in purpose to examine the differences in tree community properties between sites and among canopy-closure types, and to reveal the factors affecting the differences. Two sites are ca. 225 km distant from each other and have different rainfall patterns. Six 1-ha plots in each site were studied, which cover three types of canopy-closure (closed, semi-open and open). We recorded 3,720 trees that are equal to or more than 5 cm diameter at the breast height, consisted of 70 species belonging to 34 families. Most abundant three species, Isoberlinia doka, Vitellaria paradoxa and Pericopsis laxiflora appeared in both sites. The detrended correspondence analysis (DCA) based on species abundance divided 12 plots into groups of north and south sites along the first axis, whereas canopy-closure types were not associated with DCA axes. At any given total tree height, trees in the north site had slenderer stems with narrower crowns than those in the south site. The specific leaf area was smaller in the north site. Between-site differences in species abundance and allometry are possibly driven by rainfall variation.
INTRODUCTION
The Dahomey Gap refers to the unique bioclimatic and transitional savanna region separating the West African rainforests along the southern coast of the Gulf of Guinea into two discontinuous blocks (eastern block in Nigeria, and western block in Ghana and Cote dʼIvoire). Situated between 0 to 3 E, is the Dahomey Gap where broad savanna corridor spreads from the coast of Gulf of Guinea to Sahara, in the territories of Benin, Togo and the eastern part of Ghana. Annual precipitation of 1000-1200 mm in the Dahomey Gap is much smaller than surrounding rainforests with more than 2000 mm (in Nigeria and Cote dʼIvoire). The cause of this phenomenon remains under debate in palaeoclimatology and palaeogeography (Dupont and Weinelt 1996, Salzmann and Hoelzmann 2005) .
In the woody savanna of the Dahomey Gap, the degree of canopy-closure by tree crowns is highly variable, ranging from open sites with low tree density to closed canopy woodlands. The combination of environmental factors such as climate, fire, edaphic conditions and anthropogenic influence has been generally indexed as the cause of variation of tree density in savanna (Gauthier and Spichiger 2004) . An important ecological fact in West African region is that the savanna experiences fire every year (Swaine 1992 , Govender et al. 2006 . Swaine (1992) investigated the characteristics of dry forest in West Africa, and found that recurrent fire seriously impedes the recovery of burnt forest and it is the main concern for forest rehabilitation. The other known characteristic of West African regions is the strong south-north rainfall gradient from the coastal zone towards Sahara (Bongers et al. 1999, Wieringa and . According to some recent literature, vegetation is different with those revealed on Upper (northern) and Lower (southern) rainforests in Cote dʼIvoire, Liberia and Nigeria (Okojie et al. 1988 , Bongers et al. 1999 , Bongers et al. 2004 . Although these several studies have reported on West African vegetation, tree species composition and stand structure in the Dahomey Gap remain unknown.
Most studies on West African vegetation have focused on the Upper Guinean forests in Ghana, Cote dʼIvoire and Liberia (Swaine et al. 1990 , Swaine 1992 , 1996 , Poorter et al. 1996 , Bongers et al. 1999 , Hennenberg et al. 2005 ) and the Lower Guinean forests (Okojie et al. 1988 ) dominated by rainforests. Limitedly conducted studies in the Dahomey Gap are not enough to elucidate the composition and structure of vegetation in a particular zone. In Benin, for example, most studies have focused on large trees that produce economically valuable timber and non-timber products. Only particular species received attention like baobab tree Adansonia digita (Assogbadjo et al. 2006) , Isoberlinia spp. (Glele Kakai and Sinsin 2009), Khaya senegalensis (Gaoue and Ticktin 2007) , and Tamarindus indica (Fandohan et al. 2011) . These studies did not take into account a tree community structure nor the geographic distribution. There is until now no information on quantitative measures such as floristic richness, tree density, and population structure of tree species. Therefore, quantitative description of tree community between sites and among canopy-closure types in this transitional subsahelian savanna is important for the understanding of the structure and dynamics of vegetation, particularly for biodiversity conservation and natural resource management.
Tree communities in woody savanna of the Dahomey Gap may show high similarity across sites due to relatively dry climate throughout the area with lower species diversity compared to tree communities in adjacent rain forests. However, within the Dahomey Gap, there are geographic variation in precipitation and length of dry season, and local landscape variation in canopy-closure. We therefore hypothesize that although apparent similarity of physiognomy at regional scale in Dahomey Gap, it may have some differentiation in tree stand architecture and tree properties at community level. In this study, we set permanent plots in woody savanna in two sites in northern (drier) and southern (wetter) parts of the Dahomey Gap to cover the tree variation of canopy-closure, (1) to elucidate the difference in these properties between sites and among canopy-closure types, and (2) to reveal the factors affecting the differences. Through ecological analysis of plot inventory data, this study aims to present quantitative basis for better management of woody savanna in this unique region.
MATERIALS AND METHODS

Study sites
The study was conducted in the Republic of Benin, situated in West Africa between 6 o 10 N and 12 o 25 N at latitude, and between 0 o 45 E and 3 o 55 E at longitude. The whole area of Benin is entirely within the Dahomey Gap. In this region, rainfall in the rainy season (from April to November) is unimodal with a peak in August, and it ranges from 900 to 1200 mm per year according to the National Meteorological Office Report of Benin (Table 1) . We set study sites in Kandi City (north) and Parakou City (south). These cities are located 225 km distant from each other (Fig. 1) , where human population density and land-use activities (mainly agriculture) are almost equivalent. Human population density in our study area is about 28 km 2 which is quite smaller than the national density of Benin at 80 km 2 (National Demographic Office, Benin). The annual mean temperature was not largely different between both sites with around 28 (Table 1 ). 
Data collection
In each site of north and south, stands were classified by coverage of tree canopy into three types (closed, semiopen and open) , and two plots of 1-hectare (100 by 100 m) were established for each canopy-closure type in each site, in total 12 plots (6 plots in the north site: N1-N6, 6 plots in the south site: S1-S6). Three canopy-closure types were classified by our observation of canopy coverage (70-100 %: closed; 40-69 %: semi-open; 0-39 %: open) . All plots were set on similar topography of plains. In each plot, trees were mapped and tagged in August-September 2010 and February-March 2011. Nomenclature of plant species is based on Souza (2008) .
To quantify stand structure, field measurement of trunk girth at breast height, total tree height (H), height of the lowest foliage, two crown diameters were conducted for all individuals larger than 15 cm in trunk girth. Trunk girth at breast height was measured at the nearest 0.1 cm with a steel-tape measure, and then, was calculated trunk diameter at breast height (D) from the girth. We used data of trees with D≥5 cm. Total tree heights less than 15 m were Horizontal crown diameters were measured in two perpendicular directions in north-south and east-west. Then, crown width was defined to the geometric mean of crown diameters in two directions.
To quantify species traits, we sampled woods and leaves, and measured wood density and specific leaf area (SLA). Samples of wood and leaves were collected in March 2011 (dry season) from trees outside studied plots (but nearby) to keep trees within plots undisturbed. All the collected leaves were from sun-light exposed crown, and were located in the middle portion of leafy shoot. We could not find alive leaves for Lannea acida and Entada africana because they are deciduous species and defoliate during dry season. For wood density defined as dry mass divided by fresh volume of wood (g cm 3 ), the disk of trunk with 2-cm width of living trees with about 5-cm D was sampled for the most abundant 20 species (which have more than 60 trees per 12 ha as stated later). Volume and fresh weight of wood samples were determined in field and then oven dried at 110 for 6 days following Suzuki (1999) . For the specific leaf area, six to ten leaves for simple-leaved species, or leaflets for compound-leaved species, from the sampled tree (18 species were sampled, 2 species leaves were not available) were collected in both north and south sites. To obtain the leaf area, leaf (or leaflet) blades were scanned and digitized. The portion of the scanned images was measured with ImageJ ver. 1.37 (http://rsweb.nih.gov/ ij/). Leaves were oven dried at 110 for 7 days to obtain dry weight.
Data analysis
We calculated tree density, and total basal area for each plot to characterize sites and canopy-closure types for all recorded tree individuals. To compare tree density among plots, Kruskal-Wallis test was used. To test if tree density, species number and total basal area differed significantly between the two sites (north and south) and among canopy-closure types, and to check the effect of both variables,we used GLM (Generalized Linear Model) with Poisson distribution for tree density and species number and Gamma distribution for basal area. To check the differences in tree density on each species per canopyclosure type we performed 2 test.
To characterize size distribution of trees of each plot, we calculated the coefficient of skewness for distributions of logarithmic-transformed size measures, ln D and ln H. The coefficient of skewness is positive for size distributions with abundant small-sized trees and less large-sized trees, while the coefficient of skewness is negative for size distributions with relatively less small-sized trees and abundant large-sized trees.
We nominated the most abundant 20 species with more than 60 trees over 12 ha monitored area. These 20 species represented 82.5 % of total 70 species (or taxa) recorded in number of trees. We correlated the coefficient of skewness in size distribution of D and H and maximum height among these 20 abundant species.
To evaluate the similarity of species composition between the north and south sites, we calculated the Jaccard Index based on the presence and absence of species.
Jaccard Index is defined as follow: Jaccard Index: c/(a b c) where a and b are number of species in each site, c is the number of species shared by two sites.
The detrented correspondence analysis (DCA) was carried out to obtain the indirect ordinations of plots and abundant species based on tree abundance of 26 species with more than 30 trees (excluding Ficus spp. due to the difficulty of species identification) over 12 ha. These 26 species represent about 90 % of total sampled trees in terms of number of trees (Appendix 1). We employed tree abundance for DCA to investigate the patterns emerging from species preference to each plot.
The allometric relationships between dimensions of trees were used to characterize stand (or site) properties of woodland. Although it is known that there are inter-specific difference in allometry within a site and intra-specific difference across sites and/or across canopy-closure types, we expect that stand-level allometries characterize architectural and productive properties of forest stands (Chave et al. 2005) in association with across-species convergence in allometric performance within a forest community (Iida et al. 2011) . Especially, we demonstrate in this paper the stand-level allometric properties to examine possible differences across sites and/or across canopyclosure types. As allometries are demonstrated to be a bivariate power-function relationships, we used smatr package on R to obtain standardized major axis (SMA) regression (Falster et al. 2003) . Differences in slope and intercept on log-transformed regression line were analyzed with F-test and the analysis of covariance.
RESULTS
Species composition
We recorded in total, 3,720 trees consisted of 70 species (or taxa) belonging to 34 families in the 12 plots ( A p p en di x 1) . T he mo st r e p re se n t e d fa m ily w as C a e s a l p i n i a c e a e w i t h n i n e s p e c i e s , f o l l o w e d b y Combretaceae (7 spp.), Mimosaceae (6 spp.), Rubiaceae (6 spp.), Fabaceae (5 spp.), Euphorbiaceae (3 spp.) and Meliaceae (3 spp.), (see details in Appendix 1). These most dominant seven families accounted for 68 % of total of individuals. For all plots, the most represented species was Isoberlinia doka (Caesalpiniaceae). Some species were found abundant in a particular canopy-closure type: Parinari curatelifolia, Detarium microcarpum tended to be more abundant in closed canopy, Annona senegalensis, Piliostigma thonninghii and Combretum adegononium in open canopy whereas some were distributed regardless of canopy-closure types, e.g. Burkea africana, Crossopteryx febrifuga and Anogeissus leiocarpus (Table 2) . Some species such as Isoberlinia doka, Vitellaria paradoxa, Lannea acida occurred in all plots regardless of plots and others were more abundant in the north and not in the south and vice versa (Appendix 1). In contrary, 20 of 34 recorded families were represented by only one species.
The number of species was not significantly different from plot to plot while the number of trees was significantly different among the plots (P 0.001, Kruskal-Wallis test). The number of species ranged from 28 to 40 per hectare. Calculated similarity of community composition between sites was 82 % in Jaccard Index, suggesting high similarity across sites. The most abundant 20 species constituted 82.5 % of total number of trees (Table 3) . In DCA, the first ordination axis had a constrained eigenvalue of 0.265 and the second axis had a constrained eigenvalue of 0.098. On the coordinates of the first two DCA axes of 12 plots (Fig. 2a) , six plots in the south site (S1-S6) were clearly separated from those in the north site (N1-N6). The difference in canopy-closure among plots was not associated with species abundance on the DCA coordinates (Fig. 2a) . On the ordination of species and from the first axis of DCA (Fig. 2b) , species with higher abundance in south site appeared on the side of the southern site and vice versa. For example Isoberlinia tomentosa, Parinari curatelifolia and Hexalobus monopetalus predominated in south plots (on the right-hand side in Fig. 2b) while Detarium microcarpum, Terminalia avicennioides and Combretum molle predominated in north plots (on the left- hand side of Fig. 2b ). Species without any site preference appeared in the center of the DCA coordinates.
Isoberlinia doka
Caesalpiniaceae 18 1 20 5 425 243 19 0 15 3 0 61 0 57 107 3 9 3 140 3 7 1 Isoberlinia tomentosa Caesalpiniaceae 13 6 18 5 6 333 0 1 22 2 0 67 0 62 68 6 8 7 81 2 12 3 Vitellaria paradoxa Sapotaceae 14 0 14 0 180 150 4 7 3 8 0 60 0 92 88 6 11 3 80 5 12 4 Pericopsis laxiflora Fabaceae 12 5 15 0 67 125 1 3 1 8 0 72 0 60 119 5 8 4 106 4 9 4 Lannea acida Anacardiaceae 15 8 15 2 87 83 3 9 1 6 1 09 0 39 Terminalia avicennoides Combretaceae 11 4 7 9 108 23 1 3 0 2 0 77 0 81 50 0 16 0 75 6 13 2 Burkea africana Caesalpiniaceae 13 9 15 0 48 80 1 9 1 5 0 86 0 80 89 1 11 2 97 3 10 3 Crossopteryx febrifuga Rubiaceae 10 9 12 0 73 53 1 3 0 6 0 86 0 87 110 8 9 0 113 1 8 8 Detarium microcarpum Caesalpiniaceae 9 8 7 5 96 20 0 8 0 2 0 49 0 88 114 3 8 7 105 0 9 5 Strychnos spinosa Loganiaceae 8 7 10 4 54 49 0 4 0 3 0 60 0 69 81 7 12 2 60 7 8 2 Entenda africana Mimosaceae 13 5 12 3 33 63 0 9 1 0 0 96 0 36 Pterocarpus erinaceus Fabaceae 16 2 15 0 54 37 3 4 1 2 0 60 0 70 148 6 6 7 202 0 4 9 Piliostigma thonningii Caesalpiniaceae 8 2 8 3 51 35 0 3 0 4
Stand structure
We found that stand characteristics consisted of trees with D ≥ 5 cm were variable between sites and across plots (Table 4) . Tree density per hectare ranged from 222 in plot N3 in the north to 408 in plot S2 in the south. North and south sites were similar in terms of mean D: 17.7 cm in the south plots and 17.4 cm in the north plots. The observed maximum D was 81.7 cm of Khaya senegalensis (plot N2). The mean of total basal area was higher in south plots (10.6 m 2 ha 1 ) than in north plots (9.0 m 2 ha 1 ). The maximum height of each plot ranged from 16.4 m in plot N3 to 20.5 m in plot S1, and between-site difference was not significant (Table 4 ). The total basal area of plots was not related to tree density. However, total basal area was significantly different between sites (P 0.001) in Table 5 . Total basal area was significantly higher in plots of the south site (P 0.001) and the interaction effect between site and canopy-closure type was not significant. Across all plots, the maximum height was 20.5 m for Isoberlinia doka in plot S1 of south site (Appendix 2). The coefficients of skewness in D and height distribution of six plots in each of north and south sites did not show any difference associated with canopy-closure (2) types. In north site, the coefficients of skewness in D and those in H were larger in closed plots than semi-open plots (Fig. 3 a-d , g-j) but they were smaller in open plots (Fig. 3 e-f, k-l).
The maximum height of most abundant 20 species was negatively correlated with the coefficient of skewness of the height distribution of species population (Fig. 4) indicating that tall-statured species have relatively lower abundance of small-sized trees whereas short-statured species have relatively higher abundance of small-sized trees, as far as trees ≥ 5 cm D are taken into account.
Architectural properties
We did not find any difference in allometries between dimensions of tree architecture (trunk diameter at breast height, crown width and crown depth against total tree height) among canopy-closure types (Fig. 5 ), but we found between-site differences (Fig. 6) . The intercept in the allometry between diameter at breast height and total tree height was significantly different between north and south for abundant 20 species (P 0.01, Table 6 ). This indicates that, at a given total tree height, trees of north plots tended to have slenderer stem than those in south plots (Fig. 6a) . Similarly the intercept in the allometry between crown width and total tree height was significantly different between north and south for abundant 20 species (P 0.05, Table 6 ). This indicates that crown width tended to be smaller at a given total tree height in north plots than in south plots (Fig. 6b) . In opposite, crown depth tended to be deeper at a given height in north than in south plots (Fig.  6c) . Allometric relationship between SLA and maximum height (Fig. 7a) showed that SLA was higher in the south site than in the north site (P 0.05, Table 6 ). On the other hand, wood density was similarly distributed across the two sites (Fig. 7b) .
DISCUSSION
We described the species composition and stand structure of tree community of the savanna woodland in Dahomey Gap in West Africa. We found that the two separated north and south sites in Dahomey Gap showed similar tree species composition but with distinguishable characteristics in species abundance and stand structure. We also revealed that differences in canopy-closure types were not associated with the size distribution and composition of tree species in Dahomey Gap. On the other hand, we found the difference in the relationship of tree architecture and leaf traits between north and south sites in the Dahomey Gap.
Tree species composition
The two sites located in north and south studied regions showed 82 % of similarity (Jaccard Index). High across-site similarity indicates that there is a certain similarity in environmental determinants on tree communities in Dahomey Gap. Commonly abundant species in both sites was Isoberlinia doka (Caeaslapiniaceae). Comparing to tree species composition in the Upper Guinean rainforest (Bongers et al. 2004) , some species (Afzelia africana, Ceiba pentandra, Daniellia oliveri) were commonly observed in the Upper Guinean rainforest and our study sites of woody savanna in the Dahomey Gap. In Upper and Lower Guinean rainforests, about 2,126 species were recorded in the total area of 965,702 ha (Kouame et al. 2004) , which is higher species diversity compared to our study sites where 28 to 40 species per ha with total of 70 species were recorded. In other part of Africa, in Tanzanian dry forest, Huang et al. (2003) reported 33 species per 0.1 ha with the maximum abundance of 880 stems per ha (D ≥ 10 cm). The clearing for agriculture, the recurrent fire, the logging of trees for timber and firewood as a common practice in the Dahomey Gap might have considerably reduced tree density in the area.
Stand structure
Although understory in woody savanna experiences fire every year, we found that small-sized trees were fairly abundant regardless of canopy-closure types (Fig. 3) . The coefficient of skewness in height was larger for shortstatured species than tall-statured species (Fig. 4) . We Lines are fitted respectively to the data from north and south sites by the analysis of covariance (respectively P 0.01; P 0.05; P 0.05 for (a), (b), (c); Table 6 ). All recorded trees have been used. All axes are in logarithmic scale.
speculate that short-statured species are particularly resistant to recurrent fire due to their relatively thick stem and bark (e.g. Lawes et al. 2011) . This capacity of shortstatured species trees to resist fire, may result in observed high abundance of small-sized trees. Total basal area was higher in the south than in the north and it was higher in plots with relatively closed canopy (Table 5 ). In contrast, tree density and the maximum height were not significantly different between two sites nor among three canopy-closure types. These suggest that the variation in canopy-closure in woody savanna does not follow the transition of gap mosaic in regeneration dynamics that commonly characterize rainforests (Denslow 1987) . The variation in canopy-closure possibly represents spatial variation in the degree and past history of recurrent fire. In addition, possible explanation of basal area difference between north and south site might be connected to water availability. Water availability expressed in this case by difference in rainfall and in number of months with rain between north and south site (Table 1 ) might explain the basal area difference. Precipitation effect on tree growth and species diversity has been demonstrated in the conducted comparison at regional scale between African and Amazonian rainforests (Parmentier et al. 2007 ) which is consistent with our result. Optimum quantity of water is needed for higher aboveground biomass production and other tree physiological functions. On the other hand, the difference found on basal area and tree density in different canopy-closure types (Table 5) may not be connected to precipitation in the same site, but associated with evapotranspiration.
Tree properties
We found that trunk diameter and crown width at a given tree height and SLA of abundant 20 tree species were significantly higher in the south site than the north site ( Fig.  6 and 7) . Possible cause of the revealed differences is that the degree of water availability is different between two sites. Due to lower precipitation and shorter duration of rainy season (Table 1) , trees in the north site possibly need Table 6 ). The examined most abundant species are listed in Table 5 . Two species, which did not have leaves during our field research, were removed in (a). All axes are in normal scale. Observed relatively small crown area and basal stem area at a given height in the northern site may result from small whole-tree total leaf area consisted of leaves with small SLA. Our idea that water is an important factor in Dahomey Gap is consistent with results that found the association between rainfall and species composition and distribution in West African rainforests in Ghana and Cote dʼIvoire (Bongers et al. 2004 , Holmgren and Poorter 2007 , Maharjan et al. 2011 . Fire intensity difference might have the effect on obtained differences of tree properties in north and south plots. Oumorou et al. (2008) studying the grass layers in c e n t r a l a n d n o r t h B e n i n f o u n d t h a t P e n n i s e t u m polystachion, Andropogon gayanus and Digitaria horizontalis were dominant in the south but only Pennissetum polystachion was dominant in the north. This suggests that grass layer is dominated in the north by the most burnable species. Therefore, fire intensity is likely to be harder in the north than in the south, which may affect tree properties. Fire intensity as affecting tree community has been shown in other African savanna. Govender et al. (2006) conducted a long-term ecological experiment in South African savanna, and they found that fire intensity affects the dynamics of tree layers. A similar result of fire intensity on recruitment and mortality rate was also reported in Australian savanna (Prior et al., 2009 ). In our sites, fire intensity might have induced tree properties difference between north and south.
We found that SLA was smaller for short-statured species than tall-statured species in both sites (Fig. 7a) . As short-statured species had relatively abundant small-sized trees in their populations (Fig. 4) , they are likely to suffer from understory fire more than tall-statured species. In this light, it is a possible explanation that short-statured species have higher fire tolerance, whereas tall-statured species avoid fire by keeping relatively abundant long-lived largesized trees rather than small juveniles.
Wood density does not differ between north and south sites (Fig. 7b) . Wood density is likely to be more persistent species trait irrespective of environment at the regional scale, compared to plastic variation of SLA between sites.
Our study in the Dahomey Gap revealed that stand structure and tree species abundance varied independently to canopy-closure types but in association with the two sites with different rainfall patterns. These results contribute to the conservation of floristic richness and variation in Dahomey Gap.
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